Melt flow in the model system of continuous steel casting process was numerically computed with an application of various magnetic fields. The model geometry is 1ϫ1ϫ2 which is not in accordance with the current shape employed in a practical industry. Electric coil to produce a magnetic field was either vertical, horizontal and parallel, or perpendicular to the nozzle jet from the tandish. Detailed melt flow in the mold is graphically presented. The axial magnetic field appears to suppress the jet flow most effectively.
Introduction
The continuous steel casting process has been quite successful in the recent steel industry. The convection of molten steel in the mold has been considered to affect the quality of solidified product. The Prandtl number of molten steel is low and the convection would be oscillatory. Then the oscillatory flow would impede a uniform solidification and uniform product. The application of the magnetic field to calm the convection appears to be indispensable for the control of the quality of the products. There are a plenty of reports on the convection in the mold. However, the geometrical layout and arrangement of the magnetic field differ each other depending on steel companies. This should be because of the patents but also suggests that there are a plenty of probabilities in the appropriate arrangement of the magnetic fields. This also suggests that the arrangement of the magnetic field may not affect the quality of the products seriously. On the other hand, the rectangular shape of the mold looks to be similar in most of the steel companies. Present report dears to consider a square cross section of the mold to study the effect of magnetic field due to the easiness to compare each other. There are plenty of references. Some of them are as follows.
Followings are recent reports on continuous steel casting process with the application of a magnetic field. Kobayashi et al. 1) reported on the national project on the application of electromagnetic force to continuous casting of steel that magnetic field was found to decrease the number of clusters of alumina particles. Toh and Takeuchi 2) in a plenary lecture stated that convection in a mold determines the quality of the solidified products and the application of magnetic field works for braking, stirring and casting for better products. Magnetic field suppresses the channeling of melt and magnetic stirring is employed for convection control. Detailed study on the convection has been carried out with LES and two fluid model and even the micro scale behavior is studied over the solidifying surface. Takatani 3) also stated in the plenary lecture that magnetic field is either alternating one and the static one. Alternating magnetic field has been employed for stirring. Static magnetic field is for braking of convection and he warns too strong suppression induces the defect of heat supply on the meniscus of the solidifying field. Morishita et al. 4) reported the effect of magnetic brake with the gold particle as tracer that penetration depth of jet flow in the mold from meniscus decreases from 1 500 to 900 mm. Inclusion was also found to be decreased 50 % or less. Kubota et al. 5) also reported the effect of traveling magnetic field to suppress the inclusion of mold powder in the case of high speed casting. They also reported the empirical equation that decreasing rate is proportional to 4th order of magnetic induction. Mochida et al. 6) reported the usage of super conducting magnets for flow control of molten steel and reported an extensive decrease of inclusion of alumina particles even at high speed casting of 3 m/min. Mochida et al. 7) also reported the usage of superconducting magnet that the depth of oscillation hook decreased due to the calming of melt surface. Suzuki et al. 8) reported the decrease in the number of pin-holes and the clusters due to the magnetic stirring effect. These are reviewed by Tozawa et al.
9)
The objective of the present report is to compare the effect of various magnetic fields on the melt convection in the square cross section of the mold. For this purpose, the computational system was presumed to be small with small temperature difference and laminar model was employed. The results are applicable only for such system and are not expected to be directly applicable for practical systems.
Model Systems
Three different coil locations were considered as shown in Figs. 1(a), 1(b) and 1(c). Outside of the mold, they are located to have either X-, Y-or Z-directional magnetic field.
In the X-or Y-directional magnetic fields, two electric coils were located at the outside of the vertical walls with the electric current in the same direction. The dimensional equivalent size is as follows. The width of the rectangular mold is lϭ0.064 m and the diameter of an electric coil is 0.1 m. The molten steel is presumed to come down from the tandish through a rectangular pipe of 0.1lϫ0.1l and flows out in the oblique direction into the mold. The molten steel is at higher temperature. Four surrounding boundaries of mold is kept at cold temperature with top and bottom boundaries presumed to be thermally adiabatic. From the bottom boundaries, the molten steel was assumed to flow out with uniform equivalent volume flow rate as that from the top inlet.
The three-dimensional model equations consist of the equation of continuity, momentum equations, energy equation, Ohm's law, continuity equation of electric current. The magnetic induction was computed from Biot-Savart law as follows. The dimensionless equations are as follows. The above dimensionless equations were approximated with finite difference equations. The pressure was computed by the HSMAC method. The inertial terms were approximated with the third-order upwind scheme. The dimensionless time increment is 2ϫ10 Ϫ4 . The rectangular enclosure was divided into 50 3 grids with non-uniform staggered mesh. The detailed view of the nozzle is shown in Fig. 2 . The inside of the nozzle was assumed to be stair-steps for the sake of simplicity with 0.01 dimensionless length.
Computed Results
The computational conditions are as follows. Reϭ10 directional velocity component U max in the X-directional magnetic field at Haϭ0, 100, 200 and 500. At t=5, magnetic field was impressed. The convergence is smooth to suggest the stable numerical computation. (f) suggests the Z-directional magnetic field appears to provide very large magnetic suppression in comparison to those in the X-or Y-directional one. In the present computation, the magnetic field was computed simply from Eq. (6) without considering the mold wall. Figure 7 shows the resulted velocity vectors in the X-directional magnetic field at Haϭ100, 200 and 500. Top rows are at Yϭ0.5 and bottom rows are at Zϭ1.5 cross sections. With the increase in the strength of magnetic field, the nozzle jet is suppressed extensively. Figure 8 shows isothermal contours in the X-directional ( magnetic field of Fig. 7 . With the increase in the magnetic strength temperature contours become round corresponding to the suppression of nozzle jet strength. Figure 9 shows the velocity vectors in the Y-directional magnetic field. The layout of graphs are the same as before. As seen from the side view pictures at Haϭ500, the Y-directional magnetic field does not suppress the jet flow effectively and strong circulation above the jet nozzle is resulted due to the weak suppressing effect as shown in Fig.  6(e) . Figure 10 shows corresponding graphs in the Z-directional magnetic field. The jet flow, as seen in the top row at Haϭ500, is strongly suppressed to avoid the direct contact over the vertical side boundary. There are many other factors but this Z-directional magnetic field appears to be most effective in suppressing the jet flow. Figure 11 shows comparison of isothermal contours in the (a) X-, (b) Y-and (c) Z-directional magnetic field. Among these, Z-directional magnetic field appears to give the most flat temperature contours along the side boundaries to suggest the stable solidification of molten steel.
Dimensional Equivalence
The condition, Haϭ200, Reϭ10 4 The present numerical analysis is not intended to simulate an existing system but an aritificial one and the dimensional scale is very small with small temperature difference.
Conclusions
Numerical computations were carried out for the melt flow in the mold of continuous steel casting system. Magnetic field was presumed to be either in the X-, Y-or Zdirections for the model of mold of 1ϫ1ϫ2 geometrical length which is not in accord with the usual mold shape.
